Nanoparticles (NPs) are frequently used in nanomedicine and medical diagnostics where they serve as delivery agents, actuators, or imaging agents. [1] [2] [3] We discovered that bare nanoparticles can enhance cellular adhesion and mimic the specific homotypic interactions between membrane proteins, known as cadherins. The study was prompted by a report of Leibler et al. indicating that bare silica NPs can act as a glue for soft tissues, such as liver sections, 4 and induce fast healing of deep wounds in the skin and liver of rats. 5 This new property of NPs hints that NPs could act as a cell/cell adhesive, but there has been no unequivocal demonstration of this phenomenon. We decided to carry out our study with cadherin-depleted mouse sarcoma S180 line cells to evaluate their cell assembly and aggregation. 6 S180 cells form weakly cohesive, small and rough aggregates, whereas transfected clones with a high level of cadherin expression form large cohesive aggregates that are very compact and smooth. 7 We demonstrate here that NPs can trigger the self-assembly of dispersed single cadherin-depleted cells into cohesive aggregates. We monitor the dynamics of aggregation, which are ruled by cell diffusion and cell-cell collision, and model the cell-cell adhesion induced by the NPs, or nanostickers, using a three-state dynamical model where the NPs are free, adsorbed on the membrane, or internalized by the cells.
The study was conducted as follows. First, we monitored the formation of S180 cell aggregates as a function of time in the absence of NPs and in the presence of NPs at a given concentration C e . This first set of measurements gave us the ''sticking efficiency parameter'' (G) of each type of NP. Then, we measured G versus the concentration of NPs. The dynamics of cell aggregation were modeled by analogy to the collision-induced aggregation of Brownian particles 8 that leads them to stick to each other with a probability P that depends upon cell-cell adhesion. This model leads to the definition of G as the normalized sticking probability. The nanosticker-induced cell-cell adhesion was evaluated using a three-state dynamical model, where NPs are either free in the cell culture medium, adsorbed on the cell membrane, or internalized. The most efficient nanostickers were identified by varying the model parameters. The study was conducted with silica NPs (SiO 2 ) similar to those used by Leibler et al. and four types of polystyrene NPs, either negatively charged under physiological conditions, denoted as ''Carbo'' or positively charged, denoted as ''Amine''. Their physico-chemical properties are listed in Table S1 (ESI †). The NPs selected were non-toxic to cells within the time and concentration domains of this study, as evaluated by the CCK-8 assay (see the ESI † for details). The polystyrene particles a WPI International Center for Materials Nanoarchitectonics (MANA), National were fluorescently labeled for the visualization of NP-treated cells by confocal fluorescence microscopy.
Aggregates of S180 cells were obtained using the hanging droplet method 9 (see the ESI † for experimental details). Droplets of the cell suspensions in the cell culture medium were deposited on a Petri dish cover. The cover was placed, inverted, on top of a container containing a phosphate buffer for humidity control. As time progresses, cells fall to the bottom of the droplets. They diffuse on this 2D surface and meet other cells. In the case of adherent cells, encounters result in the formation of groups of cells that adhere to each other to form clusters and, eventually, large aggregates. To monitor the progress of aggregate formation as a function of time, we prepared 7 covers, each holding 20 droplets of cell dispersion. The inverted covers were placed over the containers, and the 20 hanging droplets were collected at various times over a period of 2 days. Each recovered droplet was placed on an untreated glass coverslip and observed by optical microscopy. Micrographs recorded at 15 min, 6 h, and 2 days after initiation of the study are presented in Fig. 1A , with cells alone, and Fig. 1B , with cells treated with Carbo20 NPs. Droplets collected at t = 15 min contain only single cells whether Carbo20 NPs were added or not. After a period of 6 h, the droplet of S180 cells alone (A) presents mostly isolated cells, a few groups of 3 or 4 cells, and some larger clusters. In the case of cells treated with Carbo20 NPs (B) we observed clusters of cells and a few isolated cells. The total number of entities per unit area, circled in red, is named N. After a 2 day incubation, S180 cells alone (A) form a few loose clusters, surrounded by isolated cells and small groups, whereas the NP-treated cells aggregate in a single spheroid, approximately 250 mm in diameter, surrounded by a few isolated cells. Fig. 1 Formation of aggregates of S180 cells using the hanging droplet method. (A) Optical micrographs of droplets containing S180 cells collected 15 min, 6 h, and 2 days after initiation of the experiment. (B) Optical micrographs recorded under the same conditions in the case of a mixture of S180 cells and Carbo20 (volume fraction F e = 5 Â 10 À6 i.e. C e = 4.7 Â 10 11 NPs mL À1 ). The red circles highlight isolated entities defined as groups (N). (C) Plot of the change with incubation time of the number of groups N per unit area observed in optical micrographs of droplets. Green data points and line: S180 cells alone; red data points and line: S180 cells with Carbo20 (F e = 5 Â 10 À6 i.e. C e = 4.7 Â 10 11 NPs mL À1 ). The lines are fits to the data using eqn (1) . (D) Plot of the change with incubation time of Ñ NP À1 (Carbo20, F e = 5 Â 10 À6 i.e. C e = 4.7 Â 10 11 NPs mL À1 ). The blue horizontal line indicates the value of G; the red line is
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The number (N) of groups per unit area was determined for a large number of micrographs collected over 70 h and plotted as a function of incubation time for S180 cells treated, or not treated, with NPs (see Fig. 1C , Carbo20 NPs). As time elapses, the number of groups (N) decreases (the groups become larger). At very long times (t 4 24 h), N increases slightly as a consequence of cell division and subsequent rearrangement of cells into new aggregates.
The decrease of N with time was modeled as follows. 10 Once all the cells have fallen to the bottom of the drop, they diffuse on this surface with a mean diffusion rate V, such that a single cell (with a diameter d cell ) covers a surface equal to VÁdtÁd cell during the time interval dt. Thus, for N number of cells covering a surface area, a cell encounters an average of VÁdtÁd cell ÁN cells. We call the rate of collision K = VÁd cell . If P is the probability for two cells to stick together, then KÁP is the rate of successful collisions. Progressively, cells form larger groups of cells (N is the number of groups per unit area), which obey the same dynamics, assuming KÁP to be independent of the size of the group. For a time period dt, each group fuses with PÁKÁdtÁN groups. It means that among the N groups, PÁKÁdtÁNÁN/2 fusions occur. The evolution of N is governed by dN/dt = ÀPKN 2 /2. After integration, the number of groups per unit area N(t) decreases as:
The red line in Fig. 1C is the fit of the experimental values using eqn (1) , knowing N 0 = 145 cells mm À2 , and the fitting parameters: P NP K = (5.5 AE 0.4) Â 10 À12 m 2 s À1 for the case of cells treated with NPs and P control K = (2.0 AE 0.1) Â 10 À12 m 2 s À1 in the case of cells alone. Similar values for the rate of collision were measured by S. Douezan et al. 10 who studied the aggregation of S180 cells transfected to express E-cadherin on their surface diffusing on a non-adhesive substrate.
We can see from Fig. 1C that N decreases faster for cells treated with NPs. This is expressed in the fitting function by the difference between P control and P NP . The enhanced adhesion is quantified by the ratio of the probabilities P NP /P control = 2.8 AE 0.3.
To compare the dynamics of aggregation with and without NPs, we design the ratio:
This ratio is plotted in Fig. 1D using data collected in the case of S180 cells treated with Carbo20 over a 3 day period. At long times, Ñ NP À1 tends to a plateau value, as predicted by eqn (2) . The measurement of Ñ NP À1 after a given time provides the sticking efficiency parameter, G = P NP /P control , characteristic of a specific cell/NP pair. Several sets of measurements were carried at constant cell concentration (4 Â 10 4 cells mL À1 ) varying the NP volume fraction from 10 À7 to 10 À5 . The change of G with NP concentration after two day (Fig. 2 ) presents two regimes ( Fig. 2F) : NPs have no effect on cell/cell adhesion (G = 1) until their concentration exceeds a threshold, C e *. In this first concentration regime, NPs are internalized by cells, as confirmed by fluorescence imaging of S180 cells treated with NPs ( Fig. S1 , ESI †). For C 4 C e *, NPs are no longer internalized but adsorbed on the cell membrane. They promote cell adhesion characterized by the cell-cell adhesion energy W CC . This results in an increase of G, which reaches a plateau value, G S , characterizing the sticking strength of each type of NP. The cell-cell adhesion energy W CC as a function of NP surface concentration C m can be written as W CC = W CC (0) + C m U, where W CC (0) is the adhesion energy in the absence of NPs and U is the energy gain per sticker. 11, 12 The probability P NP for cells to stick upon collision is proportional to e b[Wcc(0) + CmU] , where b is a numerical factor. G = P NP /P control can be written as e b[Wcc(0) + CmU] /e bWcc(0) = e bCmU . In the limit of bC m U { 1, it leads to a linear relationship between G and C m :
The aim is to calculate C m because the adhesive effect is due to the NPs located on the membrane. The spatial distribution of NPs is evaluated using the dynamical model shown in Fig. 1E . The NPs are located (i) in the bulk solution, with a concentration C e assumed to be constant with time as the NPs are in excess; (ii) on the cell membrane, with a surface concentration C m ; and (iii) internalized in the cell, with a concentration C i . The internalization of NPs and their removal are crucial for therapeutic applications. The mechanisms of endocytosis and exocytosis of NPs are well described in ref. 13 .
To describe the adsorption, the endocytosis and exocytosis of NPs in the cells, we introduce four rate constants defined in Fig. 1E : k 1 and k 2 associated with the adsorption and desorption of the NPs on the cell membrane, k 3 with the internalization by endocytosis and k 4 with the removal of NPs by exocytosis. From a dimensional analysis, we can write
where t off is the desorption time;
, where t in is the internalization time; and k 4 E t ex À1 , where t ex is the exit time, which is assumed to be independent of r p . The kinetic equations determining the distributions of NPs and in particular C m are:
where k i are the rate constants, C ms and C is are the saturating concentrations of NPs on the membrane and inside the cell, respectively, A is the cell membrane area, and V is the cell volume.
The ratio A/V in eqn (4) is associated with the transfer of the NPs from the surface into the cell volume and is equal to 3/R, where R is the cell radius. The volume of the droplet is large compared to the volume of the cells and we can assume that C e remains constant (Fig. S2, ESI †) .
The internalized NPs are assumed to enter in the cell by endocytosis of the membrane decorated with NPs and to exit the cell by exocytosis are ruled by eqn (3) and (4) . The stationary state leads to the NPs internalized concentration C i and to the surface distribution of the NPs C m .
In the stationary regime, dC m /dt = 0 and dC i /dt = 0, which allow us to derive C i and C m .
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Combining eqn (5) and (6), leads to:
We derive C i and C m in the two regimes: (I) Regime of internalization C e o C e * In this regime, eqn (7) with C m = 0 leads to C i = (3k 1 /Rk 4 )C e C ms . C i increases up to C is which defines the threshold concentration C e *. C e * = (Rk 4 /3k 1 )(C is /C ms ) = (r p 2 /l 2 )C is , where r p is the radius of the nanoparticles and l is a characteristic length defined by l 2 = 3k 1 /Rk 4 (in dimension, l 2 E (t ex /t on )r p 3 /R). The model leads to simple scaling laws for the threshold concentration c*, where the NPs are internalized, that involves a characteristic length l. The measurement of l leads to a derivation of the exit time t ex divided by the adsorption time, t on .
(II) Regime of adsorption of the beads on the membrane C e 4 C e * In this regime the cell is saturated with nanoparticles, and eqn (7) has to be written with C i = C is :
It leads to the solution for C m given by:
C m /C ms = (C e À C e *)/((C e À C e *) + C L ) (8) where C L = (k 2 /k 1 ) + C e *. Eqn (8) shows that this regime is ruled by a Langmuir law characterized by the Langmuir concentration C L , but with a shift in the concentration (C e À C e *). When C e À C e * 4 C L , i.e. C e 4 C e ** = (k 2 /k 1 ) + 2C e *, C m reaches the saturation value C ms and G tends to G s E 1 + bUC ms . Assuming that the NPs are in close contact at saturation (C ms = 1/(pr p 2 )) and that b = A c /k B T (A c being the contact area of colliding cells), G s = 1 + n*U/k B T, where n* = A c C ms is the number of NPs per cell-cell collision. By fitting the experimental efficiency parameter G(C e ) as shown 
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1 Internalization threshold concentration C e * The value of the concentration C e * varies by five orders of magnitude when the size of the NPs increases from 20 to 1000 nm, whereas the volume fraction, F e * = C e *(4/3)pr p 3 , is nearly the same for all types of NPs (B1.5 Â 10 À6 ). Hence, cells internalize a maximum volume of NPs, whatever the NP size. 13 From C e * = (r p 2 /l 2 )C is we deduce the characteristic length l, assuming that a cell digests a maximum volume fraction of particles equal to 2 Â 10 À3 derived from ref. 14. l 2 /r p 2 is nearly constant (B10 3 ) for all types of NPs, which leads to an estimation of t ex /t on (of order 10 6 for r p /R = 10 À3 ). 2 Surface saturation threshold concentration C e ** For all types of NPs, C e ** B 2C e *, showing that k 2 /k 1 { C e *.
3 Sticking efficiency parameter G s Comparison between Carbo20, Carbo200 and Carbo1000 suggests that the cell-cell adhesion increases as the NPs' size decreases. Also a comparison between Amine200 and Carbo200 indicates that the charge has no influence on the sticking efficiency of NPs. The adhesive effect of SiO 2 used in [4] and [5] is not as strong as that of Carbo20 (Table S1b, ESI †). As discussed above, G s = 1 + n*U/k B T. Assuming U B k B T, we find that n* is of order of few NPs.
To demonstrate that NPs mimic cellular adhesion molecules (CAMs) present on the surface of cohesive cells, we monitored via the same protocol, but without added NPs, the aggregation of LCAM cells, which are S180 cells transfected to express the highest level of cadherins. 6 The time dependence of N, the number of cell groups in a droplet (Fig. S3 , ESI †), was determined and the experimental data were fitted with eqn (1) yielding the parameters N 0 (65 AE 5 cells mm À2 ) and P LCAM K[(4.2 AE 0.6) Â 10 À12 m 2 s À1 ]. Using the P control value obtained for S180 cells in the absence of NPs, we find G LCAM = P LCAM /P control = 2.1 AE 0.3. The G LCAM values are of the same order of magnitude as G induced by NPs (Table 1) . Hence, the methods developed for NPs could be applied also to quantify the adhesion between cells expressing different levels of CAMs on their membrane or differing by other types of modification of the cell membrane. This technique complements very well the classical dual pipette assay 6 used to measure cell-cell adhesion via detachment, because in the case of soft objects like cells, the energy of detachment can be a few orders of magnitude larger than the Dupré equilibrium adhesion energy. 15 In conclusion, using a simple experimental protocol we have established that nanostickers are able to glue cells together and to increase the cohesion of the cells inside an aggregate.
As metastasis is often related to a decrease of cell-cell adhesion, nanostickers will reduce the escape of cells from tumors. They will also slow down the spreading of tumors, which results from a competition between cell-substrate and cell-cell adhesion. Experiments on the spreading of hybrid nanoparticle-cell aggregates and the characterization of their mechanical properties will allow us in the near future to demonstrate the role of nanostickers in the limitation of cancer proliferation. Moreover, beyond implementations in surgery already foreseen by Leibler et al., hybrid cell/NP aggregates are unique constructs that may find applications in tissue engineering and cellular therapy. Most experiments on hybrid aggregates are related to mixtures of two types of cells leading to phase separation. 16 Hybrid aggregates of dead and living matter will open a new interesting field. 
